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Abstract
Agricultural chemicals pose a threat to groundwater largely because nitrate-nitrogen (NO3 N) and pesticides
are leached (removed) by downward-percolating surface water that infiltrates soil. Assessing conventional
agriculture' s true impact on groundwater quality depends on a better understanding of how and why these
chemicals move through and below the crop root zone.
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Background and goals 
Agricultural chemicals pose a threat to ground­
water largely because nitrate-nitrogen (NO3­
N) and pesticides are leached (removed) by 
downward-percolating surface water that in­
filtrates soil. Assessing conventional 
agriculture' s true impact on groundwater qual­
ity depends on a better understanding of how 
and why these chemicals move through and 
below the crop root zone. 
In the last decade numerous studies have shown 
that movement of chemicals through soils can't 
be predicted reliably because of the variable 
nature of rainfall and subsequent water flow 
through soil "macropores" (well-connected 
structural pores or open channels created by 
worms or roots). 
Moreover, these macropores promote rapid 
"preferential movement" of water through the 
soil via selected transmission routes. Thus, 
data-based prediction models (mathematical 
scenarios to which actual water flow is com­
pared) based on average flow rates are limited 
in their usefulness. 
How water infiltrates a field depends substan­
tially on the field's surface condition. Plowing 
disturbs and closes open channels or natural 
cracks by shearing, smearing, and compac­
tion. In a no-tillage system, undisturbed 
macropores may actually allow greater leach­
ing. 
Thus, because macropores play an important 
role in transporting chemicals to groundwater, 
these researchers have determined that studies 
such as this one need to focus on two types of 
measurements: (1) changes in the quality of 
the water below the root zone that result from 
N fertilizer and pesticide use under different 
tillage systems and (2) the volume of recharge 
below the root zone in relation to the 
macropores present in the soil profile. 
Macropores in undisturbed soil should also be 
studied so that models can be developed to 
yield more useful information. 
One purpose of this research was to character­
ize macropores in terms of number, size, and 
length per unit of surface area in order to 
investigate the link between preferential flow 
through them and leaching of farm chemicals 
to groundwater under natural rainfall instead 
of via theoretical formulae. Because flow 
patterns in cracked soils are also difficult to 
characterize with physical methods, break­
through curves (graphs showing an outflowing 
solution's concentration versus time or total 
amount after being poured into a soil sample 
column) provided information on large-pore 
continuity (though not on the functioning of 
various pores in the soil). 
The specific objectives of this study included 
1. measuring and characterizing the 
macropores within the top two feet of 
the soil profile under no-till and conven­
tional tillage; 
2. using the data obtained in objective (1) 
to determine how basic water transport 
processes—infiltration, soil-water flow 
rates, subsurface drainage, and deep per­
colation rate—relate to fate and leaching 
of NO3-N and herbicides to groundwater 
aquifers via macropores; and 
3.	 using information from objective (2) 
to improve existing hydrologic and 
chemical-fate simulation models. 
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Approach 
Researchers measured macropores directly at 
the ISU Agronomy and Agricultural Engi­
neering Research Center during the 1988 and 
1989 summers. This site had been planted to 
continuous corn under both no-till and con­
ventional tillage for the previous six years. 
Three 50 x 50-cm (about 20-in.-square) areas 
with visible cracks were randomly selected in 
both types of plots. A 6-in.-square metal frame 
of the same dimensions, pushed about two-
thirds of its length into the soil, defined the 
sample area and economized on the amount of 
plaster of Paris that was later poured onto the 
soil surface. After plaster hardening, research­
ers used spatulas and sharp knives to excavate 
the soil to a depth of 24 in. in approximately 2­
in. layers. They dug a trench around the 
column and clamped it to prevent toppling. 
Researchers also used a transparent acetate 
sheet spread on the surface of each layer to 
trace macropores and then analyze them on a 
microcomputer by converting their physical 
characteristics into digital information and 
using computer-aided design software 
(AUTOCAD). Then they photographed the 
horizontal surfaces under various settings and 
conditions and processed the results on a soft-
ware-based, optical-image analysis system. 
Only pores visible to the unaided eye were 
analyzed (see Figs. 1 and 2). 
Using another approach, researchers obtained 
larger samples to perform the breakthrough 
studies mentioned earlier by encasing the soil 
samples in furnace pipe before transporting 
them to the lab. Once there, the pipe was 
opened from the sides to remove the column; 
the entire process involved numerous precau­
tionary steps to avoid disturbing the sample. 
Breakthrough curves for these samples pro­
vided information on the transport of NO3-N 
and atrazine in particular as well as other 
chemicals. 
Findings 
The plaster technique for quantifying 
macropores was limited mainly because the 
plaster does not infiltrate pores smaller than 
about 0.08 in. diameter or pores not connected 
to the soil surface. Inability to measure the 
second type is especially significant because 
such pores may continue downward and con­
tribute greatly to preferential flow. 
Tracing these unfilled holes on the acetate 
sheets, digitizing and analyzing them on 
AUTOCAD, and then manually editing the 
photographed images to get accurate results 
allowed researchers to determine the total area, 
perimeter, number, and size frequency distri­
bution of macropores at each depth. The 
AUTOCAD method proved to be a simpler 
and more accurate (though more time-con-
suming) method for quantifying macropores 
because it involved fewer external factors. 
Fig. 1a. Macropores on cleaned soil surface Fig. 1b. The same soil (showing primarily worm 
under no-till. holes) at 18 in. depth under no-till. 
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Although results varied with the analysis 
method used, on the average the no-till sites 
had less actual macropore area than conven­
tional tillage sites. The total number of 
macropores increased with depth for both till­
age systems but most significantly for conven­
tional tillage. However, smaller macropores 
were more prevalent in no-till, and the total 
area of macropores was greater closer to the 
surface (especially above 12 in.) under both 
tillage systems. 
In general, the breakthrough curves clearly 
suggested the occurrence of preferential flow 
through macropores in large, undisturbed soil-
column samples from both no-till and conven­
tional tillage areas. 
Implications 
Because lab studies using undisturbed soil 
columns do not include the effect of very large 
soil cracks, additional field studies are needed 
to monitor water transport through such large 
and continuous cracks. 
Environmental concerns demand that we know 
the quantity of chemicals transported to 
groundwater as a result of agricultural activi­
ties. This study provides information about 
the amount of recharge that occurs through 
infiltration as well as the pathways various 
chemicals use to reach groundwater systems. 
In addition, this project has helped to define 
the best experimental methods for making 
such determinations. Although it is difficult to 
control the amount of subsurface drainage 
water, chemical leaching losses can be gov­
erned by controlled chemical input and selec­
tive management techniques. 
The results of this research will be useful to 
state and federal water agencies and scientists 
in estimating the potential hazard of ground­
water pollution by agricultural chemicals. 
For more information 
contact R. S. Kanwar or 
J. L. Baker, Agricultural 
and Biosystems 
Engineering, Iowa State 
University, Ames, Iowa, 
50011, (515)294-4913. 
Fig. 2a. Macropores (filled with plaster of Paris) at Fig. 2b. The same soil sample at 18 in. depth 
2 in. depth under conventional tillage. under conventional tillage. 
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